Measuring and modelling the spatial contrast sensitivity of the chicken (Gallus g. domesticus)  by Jarvis, John R. et al.
Vision Research 49 (2009) 1448–1454Contents lists available at ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresMeasuring and modelling the spatial contrast sensitivity of the chicken
(Gallus g. domesticus)
John R. Jarvis *, Siobhan M. Abeyesinghe, Claire E. McMahon, Christopher M. Wathes
The Royal Veterinary College, University of London, Hawkshead Lane, North Mymms, Hatﬁeld, Herts AL9 7TA, United Kingdom
a r t i c l e i n f o a b s t r a c tArticle history:
Received 30 July 2008







Cortical0042-6989/$ - see front matter  2009 Elsevier Ltd. A
doi:10.1016/j.visres.2009.02.019
* Corresponding author. Fax: +44 (0) 1707 666298.
E-mail address: jjarvis@rvc.ac.uk (J.R. Jarvis).The spatial contrast sensitivity (CSF) of the chicken has been measured using a behavioural technique.
The results obtained show that spatial vision in this species is relatively poor compared with the human
observer. For a visual stimulus luminance of 16 cd m2, the upper frequency limit of spatial vision in the
chicken (acuity) was found to be about 7.0 c deg1, with peak spatial vision occurring at around
1.0 c deg1. Under equivalent stimulus conditions, the acuity of the human is around 50 c deg1 with a
peak in spatial vision at about 3.0 c deg1. Peak spatial contrast sensitivity in the chicken was also found
to be only about 2% that for the human. At a lower stimulus luminance of 0.1 cd m2, the chicken CSF
reduced in overall magnitude and indicated an acuity level of about 5.0 c deg1. These experimental
results were successfully modelled using modulation transfer (MTF) theory. This theoretical treatment
enabled important neural mechanisms underlying spatial vision in the chicken to be revealed. The role
played by spatial vision in the chicken’s ability to recognise detailed shapes in its visual environment
was also examined by deploying the CSF as a visual weighting function with the Fourier series of a
chicken comb.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Chicken vision has been the subject of a number of detailed
studies due to the importance of this species as an animal model
in biomedical research. From an animal welfare perspective, a ba-
sic knowledge of visual sensing capabilities is of interest in the
understanding of how an animal will react to conspeciﬁcs when
reared intensively and under artiﬁcial lighting schemes (Prescott,
Jarvis, & Wathes, 2004; Prescott, Wathes, & Jarvis, 2003).
Of the three basic characteristics of the visual system (spectral,
spatial and temporal sensitivity), spectral sensitivity and its impact
on the calculation of luminous ﬂux has now been well quantiﬁed in
the chicken (Prescott & Wathes, 1999; Saunders, Jarvis, & Wathes,
2008; Wortel, Rugenbrink, & Nuboer, 1987). Associated retinal
mechanisms subserving colour vision have also been identiﬁed
(Osorio, Vorobyev, & Jones, 1999). Optical performance particularly
with respect to the formation of aberrations during chicken eye
growth, has also been studied (Garcia de la Cera, Rodriguez de Cas-
tro, Merayo, & Marcos, 2007; Garcia de la Cera, Rodriguez, & Mar-
cos, 2006; Kisilak, Campbell, Hunter, Irving, & Huang, 2006). In the
chicken, pupil size varies with level of ambient illumination (Li &
Howland, 1999; Schaeffel, Howland, & Farkas, 1986) leading to
changes in both retinal illuminance and optical quality of the reti-ll rights reserved.nal image (Coletta, Marcos, Wildsoet, & Troilo, 2003). A variation in
pupil size with stimulus luminance is well documented in human
observers (see for example, Le Grand, 1968) and is primarily med-
iated by midbrain pathways (Erichsen, Hodos, & Evinger, 2000). In
both chickens and humans, pupil responses can also be induced by
changes in stimulus features such as spatial structure and colour
(Barbur, Prescott, Douglas, Jarvis, &Wathes, 2002). Temporal vision
in the chicken has been examined using a psychophysical tech-
nique for the determination of temporal contrast sensitivity and
the formulation of a mechanistic model of underlying neural
mechanisms (Jarvis, Prescott, & Wathes, 2003; Jarvis, Taylor, Pres-
cott, Meeks, & Wathes, 2002). Spatial vision as quantiﬁed by visual
acuity, has been the subject of a number of studies, but these have
produced conﬂicting results. Values of acuity for the chicken have
been cited as 1.5 c deg1 (Over & Moore, 1981), 4–6 c deg1 (DeM-
ello, Foster, & Temple, 1992) and 7 c deg1 calculated by DeMello
et al. (1992) from Johnsen (1914).
As a metric, acuity provides only partial information since it re-
veals just the upper limit or resolving power in spatial vision. To
understand more fully sensitivity to a structured visual scene,
the spatial contrast sensitivity function (CSF) should be measured.
This function, as determined from the threshold detection of spa-
tial sine-wave gratings, has now become a common indicator of
the ability of the vertebrate system to process spatial frequency
information (De Valois & De Valois, 1990; Jarvis & Wathes, 2007,
2008; Regan, 1991). Moreover it can provide information on the
Fig. 1. Schematic diagram of the apparatus. Key; VDU = visual display monitors.
C = conveyor feeder for reward food. P = Perspex pecking panels. FT = food trough.
SW = cage black sheeting wall. T = turntable. OB = Opaque barrier. PB = clear
Perspex barrier. Prior to stimulus presentation, the chicken is housed as shown
behind OB and PB. When stimulus presentation is required OB and then PB are lifted
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described in Fourier space (Topfer & Jacobson, 1993).
In human vision, there have been many experimental determi-
nations of the CSF, covering a wide range of stimulus sizes, angular
orientations and luminance levels. Barten (1999) has provided a
useful review of the majority of these studies. CSF has also been
measured in non-human subjects using both electrophysiological
and behavioural techniques. Species examined are far ranging,
including cat (Pasternak & Merigan, 1981), rat (Birch & Jacobs,
1979), macaque (De Valois, Morgan, & Snodderley, 1974), goldﬁsh
(Bilotta & Powers, 1991) and a range of avian species (Ghim & Ho-
dos, 2006; Hodos, 1993). Reviews of the majority of these animal
studies are available (Ghim & Hodos, 2006; Jarvis & Wathes,
2008; Uhlrich, Essock, & Lehmkuhle, 1981).
To-date, the CSF has not been fully quantiﬁed for the chicken,
although some measurements have been determined using a nys-
tagmus paradigm (Diether, Gekeler, & Schaeffel, 2001; Diether &
Schaeffel, 1999; Schmid & Wildsoet, 1998). The amount of data
is, however, limited to only a few spatial frequencies and no ﬁrm
conclusions can be drawn regarding the shape or magnitude of
the CSF.
This paper reports an investigation of the spatial contrast sensi-
tivity of the chicken using a psychophysical operant method.
Through use of the mechanistic modelling approach described
elsewhere (Jarvis & Wathes, 2007, 2008), basic neural processing
factors which determine contrast sensitivity and acuity are quanti-
ﬁed and compared with those for the human. As an example of
how the modelling can be used to indicate the perception of real
scenes, the likely distance range that a chicken comb structure is
visible to another bird is calculated. This is achieved by weighting
the Fourier components of a triangular spatial waveform with the
chicken CSF.to enable the chicken to view the VDUs. After a pecking response on P, both OB and
PB are lowered and T rotated to return the chicken to the original position shown in
the diagram. The stimulus presentation is then repeated as described in the text.
1 Michelson contrast is deﬁned as (Lmax  Lmin)/(Lmax + Lmin), where Lmax and Lmin
denote maximum and minimum luminance levels of the grating.2. Materials and methods
2.1. Subjects
Seven, adult female domestic chickens (approximately
12 months old, Hy-Line strain) were used in the experiment. They
were housed as a ﬂock in a naturally ventilated barn, and natural
daylight was supplemented by ﬂuorescent lamps to produce an
illuminance of approximately 200 lux on a 16 h (light): 8 h (dark)
diurnal cycle. Birds were fed ad libitum on commercial layer pellets.
Prior to experimentation, refractive error was measured by reti-
noscopy. After correction for both working distance and eye size
(Glickstein & Millidot, 1970), the refraction of each animal was
shown to be within 1D of emmetropia.
2.2. Operant apparatus, stimulus presentation and control
The apparatus, shown schematically in Fig. 1, consisted of an
instrumented cage similar to that used previously in the determina-
tion of chicken temporal contrast sensitivity (Jarvis et al., 2002). On
one side of the cage were two clear Perspex panels (13  10.5 cm)
each 400 mm from the ﬂoor and separated by 140 mm. The panels
were hinged at the top so that a chicken peck on them triggered a re-
sponse key. Movement of the key was registered as a peck response
by a linked PC via a circuit break. The Perspex was cleaned regularly
between operating sessions and no signiﬁcant pecking damage oc-
curred during experimentation. A small feed trough was positioned
centrally between the two pecking panels. Food (maggots) could be
delivered to the feed trough via an enclosed andmotorised conveyor
that could beoperatedmanually or controlledby computer software.
A computer monitor (SONY Trinitron Multiscan E100) was posi-
tioned at a distance of 40 cm behind each pecking panel. Eachmonitor screen was balanced to give the same luminance using a
Minolta luminance meter. Vertical achromatic sine-wave gratings
could be generated on each monitor using bespoke stimulus soft-
ware provided by Silsoe Research Institute. Gratings of both vari-
able spatial frequency and Michelson contrast1 could be produced
with this software package. The software also allowed the experi-
menter to select on which monitor the grating appeared. The other
monitor would always contain a uniform ﬁeld with a luminance
equal to the mean grating level.
2.3. Experimental method
An operant conditioning paradigm was used to determine spa-
tial contrast sensitivity. In this conditioning scheme, the chickens
were initially trained to discriminate a grating of spatial frequency
1.0 c deg1 and Michelson contrast of 90% from the uniform achro-
matic stimulus. These frequency and contrast levels were chosen
because previous work had suggested they deﬁned a stimulus near
maximum grating sensitivity (Schmid & Wildsoet, 1998). During
the discrimination procedure, grating and uniform stimuli
swapped positions quasi-randomly such that they were presented
an equal number of times, but not more than three consecutively
on each side. Correct choice of the grating resulted in delivery of
a small food reward to the feed trough. Any incorrect pecking re-
sponses resulted in a ‘time-out’ period of 5s with both monitors
switched off. Each subject was tested in a daily session comprising
Fig. 2. Spatial contrast sensitivity function (CSF) for the chicken where u denotes
spatial frequency (c deg1). Data points represent measured values. (a) Luminance
levels of 16 cd m2 (closed circles) and 0.1 cd m2 (open circles). (b) Grating ﬁeld
sizes of 32  32 (closed circles) and 7.6  7.6 (open circles); stimulus luminance
of 16 cd m2.Continuous curves are modelled values of the CSF. Solid curves relate
to closed circle data and hatch curves to open circle data. Error bars are 1 SE.
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been reached, i.e. the subject pecked three times on the panel
showing the grating and no times on the panel showing the uni-
form stimulus. The success criterion was set at greater than 16
out of 20 correct choices in each of two successive sessions. Five
subjects met this criterion and were used subsequently in the
experimental determination of spatial contrast sensitivity as a
function of spatial frequency. The remaining two subjects were re-
moved from the experiment. The full training period for the ﬁnal
ﬁve birds used in the experimentation was approximately
6 months duration.
For a given grating spatial frequency, contrast sensitivity was
determined by a stepwise approximation procedure. Initially, a
pair of gratings differing signiﬁcantly in Michelson contrast was
identiﬁed where one grating could be clearly perceived by the
chicken and the other could not. Grating contrast was then varied
within these values until the threshold detection level was deter-
mined. Contrast sensitivity for this condition was deﬁned by the
inverse of Michelson contrast. The exact procedure adopted is out-
lined in detail elsewhere (Jarvis et al., 2002). A full CSF was ob-
tained after about 2 months experimental work with the chickens.
In order to determine stimulus frequency, each chicken was
carefully observed when responding to the stimulus presentation.
Video recordings from a camera placed above the apparatus facil-
itated these observations. Without exception, each chicken when
ﬁnally trained to associate grating with food, would adopt the
same decision making procedure. The ﬁrst stage was to advance to-
ward the food trough. At a distance of approximately 10 cm from
the trough, the chicken would stop and binocularly scan both
screens several times through the panels. Following this process,
the chicken would advance quickly to a chosen panel and peck.
The video recordings showed the ﬁnal decision making position
for all birds to be consistently within 8–12 cm from the trough.
With the stimulus monitors placed 40 cm behind the panels, this
variation in viewing distance was deemed acceptable for the calcu-
lation of grating frequency in terms of the retinal image (c deg1).
Contrast sensitivity as a function of spatial frequency (CSF) was
initially determined for a grating size of 32  32 deg. and at two
mean grating luminance levels. The ﬁrst was 16 cd m2 and repre-
sented the highest achievable from the monitors. The second was
0.1 cd m2 which was established by placing neutral density ﬁlters
behind the Perspex panels. For the highest luminance level, con-
trast sensitivity was also obtained for a grating size of
7.6  7.6 deg. Thus the effect of both stimulus size and intensity
on spatial vision were studied.3. Results and analysis
3.1. Experimental CSF
The data points in Fig. 2a and b are measured values of the CSF
for the chicken. The solid and open data points in Fig. 2a represent
measurements taken at the two mean grating luminance levels.
The solid and open data points in Fig. 2b are measurements taken
for the two grating sizes. The curves in Fig. 2a and b represent the
CSF as calculated from the Rovamo–Barten model which is de-
scribed later in Section 3.2.
The data collected at 16 cd m2 show both low and high fre-
quency fall-off in contrast sensitivity which are well known char-
acteristics of vertebrate spatial vision. The spatial frequency for
maximum sensitivity occurs at about 1.0 c deg1, and that for acu-
ity at about 7 c deg1. This acuity ﬁgure correlates well with that
determined by both DeMello et al. (1992) and Schmid and Wild-
soet (1998). At the lower luminance level, the CSF reduces together
with the extent of low frequency sensitivity fall-off. The frequencyfor maximum sensitivity reduces to a slightly lower value (around
0.7 c deg1). Acuity reduces to about 5 c deg1. Again, this relative
behaviour of the CSF is observed in most vertebrates. Decreasing
stimulus size (Fig. 2b) produces a reduction in contrast sensitivity
at only low spatial frequencies, which is an effect observed in hu-
man vision (Carlson, 1982; Rovamo, Luntinen, & Nasanen, 1993).
3.2. Theoretical analysis
It has now been established that vertebrate CSF in general can
be modelled using the concept of the modulation transfer function
(MTF) (Jarvis & Wathes, 2007, 2008). The basic theoretical model
for the CSF (outlined for human vision by Barten (1999) and in a
series of papers by Rovamo and co-workers (Rovamo, Kankaanpaa,
& Kukkonen, 1999; Rovamo, Mustonen, & Nasanen, 1994; Rovamo
et al., 1993)) is given by
CSFðu; IÞ ¼ K  OðuÞ  HðuÞ  AðuÞ  ½Nðu; IÞ0:5 ð1Þ
In Eq. (1), u and I represent spatial frequency (c deg1) and retinal
illuminance (Td), respectively. Functions O, H, and A are MTFs asso-
ciated with signal ﬁltering through eye optics and receptor spatial
sampling (O), lateral inhibition in the retina (H) and spatial integra-
tion (A). The term N represents the total noise in the visual system
and is a combination of photon noise and neural noise; the latter
being generated by statistical ﬂuctuations in the neural signal
passed through to the visual cortex. The term K is a cortical detec-
tion factor.
Each speciﬁc function in Eq. (1) is analytic and contains param-
eters which can be related directly to both optical and neural
mechanisms. In summary these parameters are u* (which deﬁnes
Fig. 3. Modelled spatial contrast sensitivity (CSF) at a stimulus luminance of
16 cd m2. Solid curve represents the modelled response for the human observer.
The lower hatch curve the modelled response for the chicken (as in Fig. 1a). The
upper hatch curve is the modelled chicken with the same overall system signal/
noise performance (K/(Nit)0.5) as the human. K denotes cortical detection and N it
denotes neural noise.
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maximum value), r (which represents the standard deviation of
the ganglion cell sampling line spread function and deﬁnes the
sampling MTF; the function O is a product of these two MTF com-
ponents), uo (which deﬁnes H and represents the spatial frequency
above which lateral inhibition ceases to operate), Xmax, Rmax (which
deﬁne A and represent upper size and frequency limits, respec-
tively, of spatial integration), Nit (which partially deﬁnes N and rep-
resents neural noise in the visual system), g (quantum efﬁciency)
and K (cortical detection). The optical MTF deﬁned by u* has been
shown to correlate well with MTF derived from double-pass optical
probe data obtained from a range of species (Jarvis & Wathes,
2007). The lateral inhibition parameter uo can be theoretically
linked to ganglion cell receptive ﬁeld surround size through the
Hankel transform of function H (Barten, 1999). Full mathematical
descriptions of O, H, A, N and K together with the methods used
to evaluate numerical values for their parameters are given else-
where (Jarvis & Wathes, 2007, 2008).
Providing that the measured contrast sensitivity for a given spe-
cies is known at a minimum of two retinal illuminances and two
sizes of stimulus grating, then all parameters in Eq. (1) can be
determined numerically (Jarvis & Wathes, 2008). Once these
parameters are known, the main mechanistic factors controlling
spatial vision in a speciﬁc vertebrate are fully quantiﬁed. Estimates
of the parameters of Eq. (1) for the chicken are given in Table 1 and
model predictions of the theoretical CSF are shown in Fig. 2 which
are seen to correlate well with measured CSF. It will be noted that
parameters K, g and Nit have been combined to deﬁne the new
parameters K g(0.5) and g Nit These two products can be determined
for the model directly from behavioural CSF, but quantum efﬁ-
ciency g itself cannot. Although values for human have been calcu-
lated (Pelli, 1990), quantum efﬁciency has not been systematically
studied in other species.
Although the stimulus light level is described in terms of lumi-
nance, the model requires values of retinal illuminance (I). This can
be calculated from luminance, provided pupil size and posterior
nodal distance (PND) of the eye are known (Berkley, 1976; Hughes,
1977; Jarvis et al., 2003; Loop & Berkley, 1975). The luminance lev-
els of 16 and 0.1 cd m2 give retinal illuminance values of 2000 and
12 Td, respectively, for the chicken. Values of PND and pupil size
(relevant to the luminance conditions) were obtained for the chick-
en from Schaeffel and Howland (1988) and Barbur et al. (2002),
respectively.
All previous studies of Eq. (1) cited above have shown that the
low frequency fall-off displayed by the high luminance CSF in
Fig. 2a and b is controlled mainly by lateral inhibition although
cortical integration can play a secondary role. The high frequency
fall-off is controlled mainly by optical factors in the eye and recep-
tor sampling efﬁciency. The overall magnitude of the CSF is dic-
tated by cortical detection capacity and noise within the visual
system.
3.3. Comparison with the human response
The solid curve in Fig. 3 shows the theoretical CSF as repre-
sented by Eq. (1) for the human observer and is at a ﬁxed stimulus
luminance of 16 cd m2. The lower hatch curve represents the the-Table 1
Model parameter values for the chicken and the human (see text for details).
I Td K [g]0.5 s0.5 g Nit s deg2 uo c deg1
Human 137 0.0128 9.0  1010 7.0
Chicken 2000 0.00012 6.0  109 0.5oretical CSF for the chicken at this luminance level. These two
model curves indicate that overall spatial vision in the chicken is
inferior to that in the human. This applies to both acuity (upper
frequency limit of the CSF) and sensitivity to shape and form (mid-
dle and low spatial frequencies). This particular performance com-
parison corresponds to the kind of ground illuminance associated
with an overcast day (around 80 lux). Numerical values for each
model parameter for the human are shown in Table 1. The upper
hatch curve in Fig. 3 represents a modelled response for the chick-
en if the two model parameter products K g0.5 and g Nit are artiﬁ-
cially given values associated with the human observer. (Note
that these two parameter products combine to quantify K/(Nit)0.5,
a post-optical signal/noise ratio which theoretically relates to ﬁnal
cortical detection ability). A comparison between the upper hatch
curve in Fig. 3 with the actual modelled chicken response (lower
hatch curve) clearly reveals that it is reduced cortical detection
ability in this species which is the largest factor responsible for
its relatively poor overall CSF. Infact, the data of Table 1 reveal that
K/(Nit)0.5 for the chicken is less than 1% that for the human.
3.4. Visual perception of a chicken comb
To a ﬁrst approximation, the side-on proﬁle of a chicken comb is
a triangular (sawtooth) wave. Although the number of cycles
(number of comb spikes) and wavelength (spike separation) is
quite variable from chicken to chicken, representative values de-
rived from our own observations are 6 and 4.0 mm, respectively.
If the comb is mathematically treated as a triangular wave, the
Fourier series is
FðxÞ ¼ 1 8=p2  ½cosðpx=2Þ þ ð1=32Þcosð3px=3Þ
þ ð1=52Þcosð5px=5Þ þ    ð2Þ
where x is distance measured along the comb. If the comb is viewed
(side-on) from a distance dmm, the angular frequency of the spikes
(the fundamental ﬁrst frequency component of the Fourier series)
becomes [2.0 Tan1(2.0/d)]1 c deg1. If for example the viewing
distance is 200 mm, the fundamental Fourier component subtendsu* c deg1 r arc min Xmax deg Rmax cycles
9.0 0.15 9.0 30.0
6.1 0.892 10.0 12.0
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the top curve in Fig. 2a shows this frequency to occur near the max-
imum value of the CSF. The frequency of the second Fourier compo-
nent of the comb is 3.0 times the fundamental and this relates to
2.5 c deg1. Again an inspection of the top CSF curve in Fig. 2a
shows chicken sensitivity to this frequency to be about 0.5 times
that of the fundamental and so its contribution to vision must be
weighted accordingly. If Eq. (2) is weighted by the chicken CSF
(top curve, Fig. 2a) the proﬁles given in Fig. 4 are obtained. The solid
curve shows an addition of the (unweighted) ﬁrst six frequency
terms of Eq. (2). The sharp triangular pattern is seen to be almost
established by these terms within the inﬁnite series. The highest
hatch curve represents the proﬁle of the six terms weighted by
the chicken CSF at a viewing distance of 200 mm. The next three
hatch curves (of decreasing amplitude) are for viewing distances
of 400, 1200 and 1600 mm, respectively. Thus at 200 mm, this anal-
ysis reveals almost maximum visibility of the comb. This systemat-
ically diminishes as viewing distance increases until the comb
structure is completely outside the chickens spatial sensitivity
range at 1600 mm.
4. Discussion
Measured CSF for the chicken closely follows the predictions of
the basic Rovamo–Barten theoretical model (Eq. (1)), originally
developed for human vision (Barten, 1999; Rovamo et al., 1993;
Rovamo et al., 1994, 1999) and then found applicable to a wide
range of vertebrates (Jarvis & Wathes, 2007, 2008). These predic-
tions include an overall increase in CSF as stimulus luminance in-
creases and a low frequency decrease if overall target size is
reduced. At the higher luminance level shown in Fig. 2, CSF dis-
plays both low and high frequency fall-off in sensitivity (relative
to the peak value) which is a general characteristic of vertebrate vi-
sion (Ghim & Hodos, 2006; Jarvis & Wathes, 2008; Uhlrich et al.,
1981).
The theoretical model indicates that the high frequency fall-off
in sensitivity is due mainly to optical factors and receptor sampling
capacity. The low frequency fall-off is a consequence of lateral inhi-
bition in the retina although cortical integration can play a second-
ary role. Fig. 2a shows that, as for other vertebrates, a reduction in
stimulus luminance leads to a reduction in overall chicken CSF
with a more low-pass characteristic. The model predicts this
behaviour and relates it to the masking of lateral inhibition by high
photon noise occurring at low luminance levels (Barten, 1999).
This effective loss in the lateral inhibition mechanism is consistent
with recent theoretical studies of the role played by the retina in
improving signal/noise ratio at low luminances (Graham, Chandler,
& Field, 2006). Electrophysiological data of ganglion cell receptive
ﬁeld characteristics also reveal a reduction or complete loss of lat-Fig. 4. Fourier analysis of a chicken comb (see Eq. (2) in the main text). The solid
curve is an addition of the ﬁrst six frequency terms. The hatch curves (in descending
order of amplitude) represent an addition of these six terms weighted by the
chicken CSF (top curve in Fig. 1a) for viewing distances of 200, 400, 1200 and
1600 mm, respectively.eral inhibition at low luminances in the cat (Kaplan, Marcus, & So,
1979; Peichl & Wassle, 1979).
The performance data of Table 1 quantify the magnitude of
important stages in the visual system of both chicken and human
which sub-serve the CSF. The comparison (for a ﬁxed stimulus
luminance of 16 cd m2), shows that the resulting retinal illumi-
nance in chicken is approximately 14 that for human. This indi-
cates a higher efﬁciency in light usage stemming from the
smaller eye size in the chicken and its larger pupil (Barbur et al.,
2002). The values given in Table 1 for the parameter u* indicate
an inferior optical performance of the chicken compared with the
human at the stimulus luminance level of 16 cd m2. The half
height frequency of the optical MTF is 9.0 and 6.1 c deg1, for hu-
man and chicken, respectively. With a small pupil diameter
(around 1.5 mm), the optical performance of the chicken eye is
good, and may even approach the diffraction limit (Garcia de la
Cera et al., 2007). For the stimulus conditions of our experiment
(luminance levels of 16 and 0.1 cd m2), the chicken pupil size is
considerably larger. Barbur et al. (2002) have shown the chicken
pupil to be around 4.6 mm in diameter at the higher of these lumi-
nances. The human pupil diameter, on the other hand, is about
3.5 mm in diameter (Barbur et al., 2002; Le Grand, 1968). For
chicken and human pupil sizes close to these two values, the sin-
gle-pass optical MTF data of Coletta et al. (2003) show a reduced
response in the chicken compared with the human. The Coletta
et al. data reveal the half height of the optical MTF to be at frequen-
cies of around 9.0 and 4.0 c deg1 for human and chicken, which
correlate well with the u* ﬁgures in Table 1.
The values for the lateral inhibition parameter uo (7.0 and
0.5 c deg1, for human and chicken) suggest a considerably larger
ganglion cell receptive ﬁeld inhibitory surround radius in the
chicken compared with the human. This indicates extended lateral
connectivity between horizontal and amacrine cells in the chicken
retina which would stem from the signiﬁcantly lower ganglion cell
density. For human and chicken, the density values are 12,450 and
363 cells deg2, respectively, (Berkley, 1976; Ehrlich, 1981). The uo
values of 7.0 and 0.5 c deg1 give (via the Hankel transform of
function H in Eq. (1)) a ganglion cell receptive ﬁeld surround radius
of 6.0 and 80 arc min for the human and chicken, respectively. The
value of 6.0 arc min for human correlates well with that deduced
from the detection of a small light spot stimulus contained within
an annular surround (Blommaert, Heijnen, & Roufs, 1987).
Apart from revealing the main mechanisms affecting spatial vi-
sion, the CSF can be used as a weighting function for the prediction
of visual performance as illustrated in Fig. 4. The comb, being a
highly distinctive feature of a chicken, offers a particularly interest-
ing example for demonstrating the use of the CSF in this way. The
Fourier series for the comb, if this is represented as a sawtooth
waveform, is also relatively simple. The concept of weighting the
Fourier components of a viewed scene or image with a visual sys-
tem CSF has already been employed in studies of human visual
perception. For example, ‘‘Cascaded Modulation Transfer” (CMT)
acutance has been shown to offer a realistic measure of the sharp-
ness or spatial clarity of a viewed image (for a discussion of this
metric see Kriss, 1997 and Topfer & Jacobson, 1993). The calcula-
tion of CMT acutance employs the human CSF to produce a ﬁnal
weighted frequency response curve in the manner illustrated in
Section 3.
The data shown in Fig. 4 indicate that the spike structure on a
chicken is at maximum visual clarity for another chicken when
the viewing distance is around 200 mm. As viewing distance in-
creases, comb visibility systematically diminishes. It should be
noted, however, that in our analysis we have applied a threshold
CSF (determined with an achromatic stimulus) as a visual weight-
ing tool in the study of a suprathreshold and highly coloured ob-
ject. That the comb is coloured may not, it self, be an issue.
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to be relatively unaffected by colour (van Nes & Bouman, 1967;
Watanabe, Mori, Nagata, & Hiwatashi, 1968). However, a detailed
study of the impact of colour on luminance contrast sensitivity
has not, as yet, been conducted on non-human subjects. It is signif-
icant to note, however, that the estimation of a viewing distance of
around 200 mm for maximum comb visibility is close to that value
favoured by chickens in social recognition (Dawkins & Wooding-
ton, 1997).
From previous behavioural studies it is still not entirely clear
what role the chicken comb and in particular the spike structure
actually plays. However, Cornwallis and Birkhead (2007) have pro-
vided evidence showing male chickens allocate a larger number of
sperm in a given ejaculate to females with large combs compared
with females with small combs. Both Zuk et al. (1990) and Parker
and Ligon (2003) have also shown that male comb size is impor-
tant to the female when choosing a mate. Chicken combs are also
highly coloured with red being the characteristic hue. The pupil-
lometry work of Barbur et al. (2002) has demonstrated that red
is a particularly important colour for the chicken and when pre-
sented as a light ﬂash, elicits a strong pupil reﬂex not seen in
human.
Acknowledgments
The authors gratefully acknowledge discussion with Dr. Emily
O’Connor of the Royal Veterinary College, and the retinoscopy
work conducted by Dr. Neville Prescott. This work was funded by
a Grant from the BBSRC.
References
Barbur, J. L., Prescott, N. B., Douglas, R., Jarvis, J. R., & Wathes, C. M. (2002). A
comparative study of stimulus-speciﬁc pupil responses in the domestic fowl
(Gallus gallus domesticus). Vision Research, 42, 249–255.
Barten, P. J. G. (1999). Contrast sensitivity of the human eye and its effects on image
quality. Washington: SPIE Optical Engineering Press.
Berkley, M. A. (1976). Cat visual psychophysics: Neural correlates and comparisons
with man. Progress in Psychobiology and Physiology, 6, 63–119.
Bilotta, J., & Powers, M. K. (1991). Spatial contrast sensitivity of goldﬁsh: Mean
luminance temporal frequency and a new psychophysical technique. Vision
Research, 31, 577–585.
Birch, D., & Jacobs, G. H. (1979). Spatial contrast sensitivity in albino and pigmented
rats. Vision Research, 19, 933–937.
Blommaert, F. J. J., Heijnen, H. G. M., & Roufs, J. A. J. (1987). Point spread functions
and detail detection. Spatial Vision, 2, 99–115.
Carlson, C. R. (1982). Sine-wave threshold contrast-sensitivity function:
Dependence on display size. RCA Review, 43, 675–683.
Coletta, N. J., Marcos, S., Wildsoet, C., & Troilo, D. (2003). Double-pass measurement
of retinal image quality in the chicken eye. Optometry and Vision Science, 80,
50–57.
Cornwallis, C. K., & Birkhead, T. R. (2007). Experimental evidence that female
ornamentation increases the acquisition of sperm and signals fecundity.
Proceedings of the Royal Society B: Biological Sciences, 274, 583–590.
Dawkins, M. S., & Woodington, A. (1997). Distance and the presentation of visual
stimuli to birds. Animal Behaviour, 54, 1019–1025.
De Valois, R. L., & De Valois, R. L. (1990). Spatial Vision Oxford Psychology Series 14.
New York: Oxford University Press.
De Valois, R. L., Morgan, H., & Snodderley, D. M. (1974). Psychophysical studies of
monkey vision – III. Spatial luminance contrast sensitivity tests of macaque and
human observers. Vision Research, 14, 75–81.
DeMello, L. R., Foster, T. M., & Temple, W. (1992). Discriminative performance of the
domestic hen in a visual acuity task. Journal of the Experimental Analysis of
Behaviour, 58, 147–157.
Diether, S., Gekeler, F., & Schaeffel, F. (2001). Changes in contrast sensitivity induced
by defocus and their possible relations to emmetropization in the chicken.
Investigative Ophthalmology and Visual Science, 42, 3072–3079.
Diether, S., & Schaeffel, F. (1999). Long-term changes in retinal contrast sensitivity
in chicks from frosted occluders and drugs: Relations to myopia? Vision
Research, 39, 2499–2510.
Ehrlich, D. (1981). Regional specialization of the chick retina as revealed by the size
and density of neurons in the ganglion cell layer. Journal of Comparative
Neurology, 195, 643–657.
Erichsen, J. T., Hodos, W., & Evinger, C. (2000). The pupillary light reﬂex
accommodation and convergence: Comparative considerations. In H.Frantzen, J. Richter, & L. Stark (Eds.), Accommodation and vergence mechanisms
in the visual system. Basel: Birkhauser Verlag.
Garcia de la Cera, E., Rodriguez de Castro, A., Merayo, J., & Marcos, S. (2007).
Emmetropization and optical aberrations in a myopic corneal refractive surgery
chick model. Vision Research, 47, 2465–2472.
Garcia de la Cera, E., Rodriguez, G., & Marcos, S. (2006). Longitudinal changes of
optical aberrations in normal and form-deprived myopic chick eyes. Vision
Research, 46, 579–589.
Ghim, M. M., & Hodos, W. (2006). Spatial contrast sensitivity of birds. Journal of
Comparative Physiology A – Sensory Neural and Behavioral Physiology, 92,
523–534.
Glickstein, M., & Millidot, M. (1970). Retinoscopy and eye size. Science, 168,
605–606.
Graham, D. J., Chandler, D. M., & Field, D. J. (2006). Can the theory of ‘‘whitening”
explain the centre-surround properties of retinal ganglion cell receptive ﬁelds?
Vision Research, 46, 2901–2913.
Hodos, W. (1993). The visual capabilities of birds. In H. P. Zeigler & H.-J. Bischof
(Eds.), Avian vision, brain and behavior (pp. 63–76). MIT Press: Cambridge Mass.
Hughes, A. (1977). The topography of vision in mammals of contrasting life style:
Comparative optics and retinal organization. In F. Crescitelli (Ed.), The Visual
System in Vertebrates (pp. 613–756). New York: Springer-Verlag.
Jarvis, J. R., & Wathes, C. M. (2008). A mechanistic inter-species comparison of
spatial contrast sensitivity. Vision Research, 48, 2284–2292.
Jarvis, J. R., Prescott, N. B., & Wathes, C. M. (2003). A mechanistic inter-species
comparison of ﬂicker sensitivity. Vision Research, 43, 1723–1734.
Jarvis, J. R., Taylor, N. R., Prescott, N. B., Meeks, I., & Wathes, C. M. (2002). Measuring
and modelling the photopic ﬂicker sensitivity of the chicken (Gallus g.
domesticus). Vision Research, 42, 99–106.
Jarvis, J. R., & Wathes, C. M. (2007). On the calculation of optical performance factors
from vertebrate spatial contrast sensitivity. Vision Research, 47, 2259–2271.
Johnsen, H. M. (1914). Visual pattern-discrimination in the vertebrates. Journal of
Animal Behaviour, 6, 169–188.
Kaplan, E., Marcus, S., & So, Y. T. (1979). Effects of dark adaptation on spatial and
temporal properties of receptive ﬁelds in cat lateral geniculate nucleus. Journal
of Physiology, 294, 561–580.
Kisilak, M. L., Campbell, M. C., Hunter, J. J., Irving, E. L., & Huang, L. (2006).
Aberrations of chick eyes during normal growth and lens induction of myopia.
Journal of Comparative Physiology A, 192(8), 845–855.
Kriss, M. (1997). Image structure and evaluation. In C. N. Proudfoot (Ed.), Handbook
of Photographic Science and Engineering (pp. 635–671). USA: IS&T (pub).
Le Grand, Y. (1968). Light, colour and vision. London: Chapman and Hall.
Li, T., & Howland, H. C. (1999). A true neuronal consensual pupillary reﬂex in chicks.
Vision Research, 39, 897–900.
Loop, M. S., & Berkley, M. A. (1975). Temporal modulation sensitivity of the cat – I.
Behavioural measures. Vision Research, 15, 555–561.
Osorio, D., Vorobyev, M., & Jones, C. D. (1999). Colour vision of domestic chicks.
Journal of Experimental Biology, 202, 2951–2959.
Over, R., & Moore, D. (1981). Spatial acuity of the chicken. Brain Research, 221,
424–426.
Parker, T. H., & Ligon, J. D. (2003). Female mating preferences in red jungle fowl: A
meta-analysis. Ethology, Ecology and Evolution, 15, 63–72.
Pasternak, T., & Merigan, W. H. (1981). The luminance dependence of spatial vision
in the cat. Vision Research, 21, 1333–1339.
Peichl, L., & Wassle, H. (1979). Size, scatter and coverage of ganglion cell receptive
ﬁeld centres in the cat retina. Journal of Physiology, 291, 117–141.
Pelli, D. G. (1990). The quantum efﬁciency of vision. In C. Blakemore (Ed.), Vision:
Coding and efﬁciency (pp. 3–23). Cambridge: Cambridge University Press.
Prescott, N. B., Jarvis, J. R., & Wathes, C. M. (2004). Vision in the laying hen. In G. C.
Perry (Ed.). Welfare of the laying hen (Vol. 27, pp. 155–164). CABI Publishing.
Prescott, N. B., & Wathes, C. M. (1999). Spectral sensitivity of the domestic fowl
(Gallus g. domesticus). British Poultry Science, 40, 332–339.
Prescott, N. B., Wathes, C. M., & Jarvis, J. R. (2003). Light, vision and the welfare of
poultry. Animal Welfare, 12, 269–288.
Regan, D. (1991). Spatial vision. In J. Cronly-Dillon (Ed.). Vision and visual
dysfunction (Vol. 10). Boston: CRC.
Rovamo, J., Kankaanpaa, M. I., & Kukkonen, H. (1999). Modelling spatial contrast
sensitivity functions for chromatic and luminance-modulated gratings. Vision
Research, 39, 2387–2398.
Rovamo, J., Luntinen, O., & Nasanen, R. (1993). Modelling the dependence of
contrast sensitivity on grating area and spatial frequency. Vision Research, 33,
2773–2788.
Rovamo, J., Mustonen, J., & Nasanen, R. (1994). Modelling contrast sensitivity as a
function of retinal illuminance and grating area. Vision Research, 34, 1301–1314.
Saunders, J. E., Jarvis, J. R., & Wathes, C. M. (2008). Calculating luminous ﬂux and
lighting levels for domesticated mammals and birds. Animal, 2, 921–932.
Schaeffel, F., & Howland, H. C. (1988). Visual optics in normal and ametropic
chickens. Clinical Vision Science, 3, 83–98.
Schaeffel, F., Howland, H. C., & Farkas, L. (1986). Natural accommodation in the
growing chicken. Vision Research, 26, 1977–1993.
Schmid, K. T., & Wildsoet, C. F. (1998). Assessment of visual acuity and contrast
sensitivity in the chick using an optokinetic nystagmus paradigm. Vision
Research, 38, 2629–2634.
Topfer, K., & Jacobson, R. E. (1993). The relationship between objective and
subjective image quality criteria. Journal of Information Recording Materials, 21,
5–27.
1454 J.R. Jarvis et al. / Vision Research 49 (2009) 1448–1454Uhlrich, D. J., Essock, E. A., & Lehmkuhle, S. (1981). Cross-species correspondence of
spatial contrast sensitivity functions. Behavioural Brain Research, 2, 291–299.
Van Nes, F. L., & Bouman, M. A. (1967). Spatial modulation transfer in the human
eye. Journal of the Optical Society of America, 57, 401–406.
Watanabe, A., Mori, T., Nagata, S., & Hiwatashi, K. (1968). Spatial sine-wave
responses of the human visual system. Vision Research, 8, 1245–1263.Wortel, J. F., Rugenbrink, H., & Nuboer, J. F. W. (1987). The photopic spectral
sensitivity of the dorsal and ventral retinae of the chicken. Journal of
Comparative Physiology, 160, 151–154.
Zuk, M., Thornhill, R., Ligon, J. D., Johnson, K., Austed, S., & Ligon, S. H. (1990). The
role of male ornaments and courtship behaviour in female mate choice of red
jungle fowl. The American Naturalist, 136, 459–473.
